Nitrate is among the major nitrogen sources for plants in aerobic soils. It is taken up by root cells through plasma membrane transporters of nitrate-nitrite transporter and peptide transporter families. Once in the cytoplasm it can enter the amino acid biosynthesis pathway (1) or be accumulated in the vacuolar lumen via tonoplast transporters (2).
Nitrate is among the major nitrogen sources for plants in aerobic soils. It is taken up by root cells through plasma membrane transporters of nitrate-nitrite transporter and peptide transporter families. Once in the cytoplasm it can enter the amino acid biosynthesis pathway (1) or be accumulated in the vacuolar lumen via tonoplast transporters (2) .
The vacuolar nitrate transporter of the model plant Arabidopsis thaliana, AtCLCa, has been shown to work as an anion/ proton antiporter (3, 4) , similarly to the bacterial CLCec-1 (5) and human hCLC-4 (6) as well as hCLC-5 (7). However, whereas bacterial and animal CLCs 2 transport chloride ions, the AtCLCa antiporter is more selective for nitrate, and therefore, it is able to mediate the accumulation of nitrate into the plant vacuole.
Little is known on the modulation of CLC-proteins by nucleotides. The effects of ATP on the ion channel hCLC-1 are a matter of debate (8) . Indeed, some reports have shown that ATP inhibits hCLC-1 currents, probably interacting with the C terminus of the protein (9 -11) . Conversely, other reports indicate that ATP does not modify the properties of hCLC-1 current (12) . This discrepancy has been attributed to the oxidation state of the channel, as ATP would be effective only in the presence of reducing agents (13) .
The C terminus domain of all eukaryotic CLC proteins has two cystathionine ␤-synthetase motifs (CBS (14, 15) ), each one characterized by a ␤␣␤␤␣ topology (16, 17) . A structural and biochemical study of the hCLC-5 C-terminal part demonstrates that this region binds nucleotides (14) . However, the effect of ATP binding on the transport activity of hCLC-5 is still unknown.
The presence of analogous CBS domains in the C terminus of the AtCLCa antiporter suggested the hypothesis that ATP binds to this plant transporter and modulates its transport activity. Hence, we undertook a functional analysis of the effect of adenosine nucleotides on AtCLCa and found that ATP inhibits the AtCLCa-mediated transport. Based on a homology model of the C terminus of the channel, we identified two residues that would be putatively involved in the protein-nucleotide interaction.
EXPERIMENTAL PROCEDURES
Electrophysiology-Protoplasts and vacuoles were extracted from A. thaliana leaves as described elsewhere (3) . AtCLCa cDNA was cloned from Col-0 ecotype into the pfunctϩTag vector (18) (supplemental material). Col-0 cDNA was used to have the TAIR sequence for checking cloning efficiency. The pfunctϩTag was used to allow the recognition of transformed protoplasts without tagging the protein (supplemental material plasts we followed the specific transformation protocol described in De Angeli et al. (19) . Transformed protoplasts were individually selected by fluorescence detection, and the corresponding vacuole was isolated under the microscope. Patch clamp experiments were made in the whole-vacuole configuration with an access resistance between 1.5 and 3 megaohms. Patch clamp recordings were made with an Axon 200A amplifier (Axon Instruments, Sunnyvale, CA). Data were acquired with an AD/DA converter Instrutech ITC16 under the control of the software Pulse (HEKA, Lambrecht-Pfalz, Germany) and analyzed with in-house programs developed under the Igor Pro environment (Wavemetrics, Lake Oswego, OR).
Currents were evoked by 5-s pulses from Ϫ77 to ϩ43 or ϩ83 mV in ϩ20-mV increments followed by a 3-s tail pulse to ϩ33 mV. Holding potential was kept at Ϫ17 mV. Potential was always corrected by the liquid junction potential (20) . Currentto-voltage characteristics were obtained measuring the amplitude of the stationary current. When solutions were changed, measurements were done after 15 min of perfusion. Bis-Trispropane was chosen as a large impermeable cation to minimize cation currents. Currents were normalized to the current measured at ϩ43 or at ϩ63 mV in reference solutions and expressed as current density per membrane capacitance.
The solution used for patch clamp experiments were as follows. 1 standard vacuolar solution: 100 mM Bis-Tris-propane, 200 mM HNO 3 , 1 mM CaCl 2 , 5 mM MgCl 2 , 5 mM MES, pH 5.5; 2-standard cytosolic solutions: control 7.5 mM Bis-Tris-propane, 15 mM HCl, 0.1 mM CaCl 2 , 2 mM MgCl 2 , 15 mM MES, pH 7, with 100 nM bafilomycin A 1 (BafA1) as indicated; 3-nitrate solution: 0.1 mM Ca(NO 3 ) 2 , 2 mM Mg(NO 3 ) 2 , 15 mM MES, pH 7 with Bis-Tris-propane, BafA1 as indicated. Osmotic pressures of the cytosolic and vacuolar solutions were adjusted with sorbitol to 640 and 590 mosM, respectively. Nucleotides (Sigma) were added to the bath cytosolic solution in the salt form as Mg-ATP, Na 2 -ATP, Tris-ATP, Na 2 -ADP, Na-AMP, Li 4 -ATP␥S. After the addition of nucleotides the pH of the solution was adjusted with Bis-Tris-propane to reach the correct value. Solutions with nucleotides were daily prepared, maintained at 4°C, and warmed to room temperature before use. BafA1 was obtained from Wako (Neuss, Germany), dissolved in DMSO in a 140 M stock solution, stored at Ϫ20°C, and added daily to the patch solutions to a final concentration of 100 nM.
To calculate the apparent dissociation constant (K d ), the Langmuir isotherms were fitted with the equation,
where I norm is the steady state current normalized to the value at ϩ63 mV, and I inh is the maximum fraction of current inhibited by ATP.
Molecular Modeling-Homology modeling was done by fitting the primary sequence of the C terminus of the AtCLCa antiporter (SwissProt P92941) to the structure of the human CLC-5 C terminus (hCLC-5 PDB accession code 2J9L), solved by x-ray crystallography at 3 Å resolution (15) . Structural fitting was performed using Swiss-Model server (21) . Further refinements, including the search for side-chain rotamers, reconstruction of loops, and preliminary energy minimization, were done using Swiss PDB Viewer (22) . The model modifications to introduce single point mutations were done using the Swiss PDB Viewer software. Final energy minimization was performed by NAMD software (23) (see the supplemental material) using the force filed AMBER99.
The free and bound nucleotides (ADP and ATP) were considered in their fully ionized forms: ATP 4Ϫ and ADP 3Ϫ (which represent ϳ60% of the total ATP and ADP at pH 7). Each C terminus model (hCLC-5, AtCLCa) was located in the center of a water sphere of 47 Å radius. For the free nucleotides (ATP, ADP, and AMP) the radius of the simulation sphere was 20 Å. The water in the simulation sphere was defined at a density of 0.998 g/liter. Water molecules in the 4 Å external shell were restrained with an harmonic force of 50 kcal mol Ϫ1 Å 2 , and the inner 4 Å shell was restrained with a force of 5 kcal mol Ϫ1 Å 2 . The system was neutralized with the addition of Na ϩ ions. The system was minimized, gradually heated to 300 K, and successively used for molecular dynamics (supplemental material).
Molecular dynamics trajectories were inspected to assess stability, i.e. the average internal energy of the system was required not to change significantly during the simulation (supplemental Fig. 4 ). The calculation of the free energy of binding (⌬G bind ) was done with the linear interaction energy approximation method (24, 25) (supplemental material). ⌬G bind was calculated as
where ␣ and ␤ are weighted parameters of the nonpolar and polar binding energies contributions, respectively, and ␥ is an additional parameter. ⌬V l Ϫ s x stands for the difference of the ensemble averages of electric and van der Waals (vdW) energy between the ligand bound to the protein and free in solution. ␣, ␤, and ␥ parameters have been determined for different sets of proteins and ligands (24 -27 ) (see the supplemental material).
RESULTS

ATP Inhibits AtCLCa Current and Activates Proton
Pumps on the Same Vacuole-As previously described (3), currents measured in vacuoles from protoplasts that constitutively express AtCLCa in an ATP-free solution are characterized by an initial relaxation followed by a stationary component, with a current density of 7.5 Ϯ 1 pA/pF measured at ϩ43 mV and a reversal potential of Ϫ43 Ϯ 2 mV (n ϭ 15).
In 6 independent experiments we observed that the application of 5 mM Mg-ATP to the cytosolic side of the vacuolar membrane led to an initial 6 -25% increase of the steady-state current followed by a decay to a final amplitude of 44 Ϯ 2% (Fig. 1,  a and b) . When a similar protocol was applied to experiments conducted on vacuoles extracted from clca-2 knock-out plants, we observed only an increase of the stationary current to a value of 2.3 Ϯ 0.4 pA/pF (n ϭ 4), as shown Fig. 1c . The current increase in clca-2 knock-out preparation is comparable with that mediated by the H ϩ -ATPase (28) . To test whether the initial current increase recorded on wild type vacuoles could be attributed to a stimulation of H ϩ -ATPase by ATP, we carried out the same experiment in the presence of the vacuolar H ϩ -ATPase inhibitor BafA1 (29) . As presented in Fig. 1d , in the presence of BafA1, the transient increase of the current was absent, thus confirming that this variation of the current was because of the activation of the vacuolar H ϩ -ATPase. Therefore, to get rid of the activation of H ϩ -ATPase and to isolate the effect of Mg-ATP on AtCLCa, we added 100 nM BafA1 in all subsequent experiments. efflux from the vacuole). Mg-ATP at 5 mM induces a 59 Ϯ 6% inhibition of the total current at ϩ43 mV and a 55 Ϯ 10% inhibition at Ϫ77 mV (n ϭ 6). The presence of Mg-ATP also modifies the reversal potential of the AtCLCa current from Ϫ43 Ϯ 2 mV (n ϭ 6) in control conditions to Ϫ29 Ϯ 3 mV (Fig. 2b) . The shift of the reversal potential can be explained by an increase of the relative contribution of nonspecific leakage currents when the number of active transporters is reduced by ATP or by a conformational change induced by ATP that would modify the selectivity of the transporter. We measured the apparent dissociation constant for ATP, K d , yielding 49 Ϯ 6 M at ϩ43 mV. Fig. 2c shows the fit of data obtained at three different potentials with a Langmuir isotherm. The K d is almost voltageindependent (Fig. 2c , inset, the slope of the continuous line is 0.10 Ϯ 0.08 M/mV), thus indicating that the ATP binding site is possibly located out of the transmembrane electric field. Na-ATP, Tris-ATP, and ATP-␥-S induced an inhibition comparable with that induced by Mg-ATP (supplemental Fig. 1 ), hence suggesting that the current reduction because of Mg-ATP is independent of Mg 2ϩ and probably does not imply ATP hydrolysis.
As the antiporter AtCLCa drives the influx of nitrate into the vacuolar lumen in vivo (3), we performed experiments in the presence of NO 3 Ϫ at the cytosolic side of the membrane to directly measure the influx of nitrate into the vacuole and verify whether 5 mM Mg-ATP is able to inhibit NO 3 Ϫ influx too. Fig. 3 shows the I/V characteristics in control conditions and in the presence of 4.2 mM NO 3 Ϫ and 4.2 mM NO 3 Ϫ plus 5 mM Mg-ATP in the cytosolic solution. As previously reported (3), cytosolic NO 3 Ϫ shifted the reversal potential to Ϫ20 mV, increasing the negative component of the current (i.e. NO 3 Ϫ entering the vacuole). Similarly to what is reported in Fig. 3 , the inhibition of the current by 5 mM Mg-ATP was 50 Ϯ 6% (n ϭ 3) at Ϫ77 mV in NO 3 Ϫ and 40 Ϯ 10% at ϩ43 mV (n ϭ 3), an effect of the same order of magnitude as ATP inhibition when Cl Ϫ was present at the cytosolic side of the tonoplast.
Application of AMP and ADP to the cytosolic side of the vacuolar membrane did not produce significant effects on AtCLCa currents. Indeed, inhibition of the current measured at ϩ43 mV by 5 mM ADP was 6 Ϯ 2% (n ϭ 4) and by 5 mM AMP was 9 Ϯ 2% (n ϭ 4). To test for the competition between nucleotides, we added an excess of Na-AMP or Na-ADP (i.e. 1 mM) to solutions containing 0.1 mM Mg-ATP. The inhibition of the current induced by 0.1 mM Mg-ATP (39 Ϯ 9% at ϩ43 mV; n ϭ 4) was not affected by the addition of 1 mM Na-ADP (35 Ϯ 10%; n ϭ 3), whereas inhibition by ATP was almost abolished by 1 mM Na-AMP (9 Ϯ 8%; n ϭ 3). FIGURE 1. Cytosolic ATP regulates AtCLCa currents in a reversible manner. a, AtCLCa currents recorded in a wild type vacuole in response to 5-s pulses from Ϫ77 to ϩ83 mV in ϩ20-mV increments followed by a 3-s tail to ϩ33 mV. b, steady state currents measured every 10 s at ϩ43 mV in a wild type vacuole; the arrow indicates the addition of ATP. The addition of 5 mM Mg-ATP to a wild type vacuole resulted in an initial transient increase (indicated by the double arrow), possibly because of H ϩ -ATPase activation, followed by a current decay. c, the same experiment was conducted on vacuoles from the clca-2 knock-out mutant, where only the increase of current due H ϩ -ATPase activation could be observed. d, 5 mM Mg-ATP was added to a wild type vacuole in the presence of the H ϩ -ATPase inhibitor BafA1 (100 nM). e, current recordings obtained in control conditions after the addition of 5 mM Mg-ATP at the cytosolic side of the membrane and after recovery by 3 min of perfusion to wash away ATP. Membrane potential stimulation were applied every 10 s as follows; holding at 0 mV, a first pulse at ϩ43 mV for 5 s, and a tail pulse to Ϫ33 mV for 1 s. The dashed line represents zero current level.
Molecular Modeling of the AtCLCa C Terminus-To provide a structural background to the hypothesis that the C terminus of AtCLCa is involved in nucleotide binding, we constructed a homology model of AtCLCa based on the structure of this C-terminal region reported for hCLC-5 (15) . Alignment of AtCLCa and hCLC-5 sequences is shown in Fig. 4a . The AtCLCa model included an ATP molecule in the same position as the template. Superimposition of the final model and the template backbones yields a root mean square deviation of 1.5 Å. The quality of the geometrical properties of the model was evaluated using PROCHECK (30) and WHATIF (31) packages.
In hCLC-5, the ATP binding site is located at the interface between the two CBS domains (15) , with the adenine moiety deeply inserted into the protein and the phosphate groups interacting with some residues of the domain (supplemental Figs. 2 and 3 ; see also Meyer et al. (15) ). In this configuration, residues in position 617 and 727 are described to be involved in ATP binding, in agreement with the fact that mutations Y617A and D727A abolish ATP binding to hCLC-5 (15) . In the AtCLCa model, the equivalent residues H620 and D753 are also close to ATP (Fig. 4b) .
Mutations in the C-terminal Domain of AtCLCa Alter ATP Effects on the Nitrate CurrentBased on this AtCLCa model, we designed two site-directed mutagenesis experiments in an attempt to perturb the putative ATP binding site in the C terminus of AtCLCa. Mutations H620A and D753A were transiently expressed in clca-2 knockout protoplasts (19) . Mutant protoplasts transfected with wild type AtCLCa were used as a control. Fig. 5a shows traces of the current recorded in vacuoles transiently transfected with wild type AtCLCa, showing similar electrophysiological properties as described for endogenous AtCLCa currents. The AtCLCa current presents both the transient and stationary components, a high current density of 63 Ϯ 16 pA/pF at ϩ43 mV, and a reversal potential of Ϫ50 Ϯ 5 mV (n ϭ 3) (19) . The addition of 5 mM MgATP to the cytosolic solution led to an inhibition of 65 Ϯ 9% of the wild type AtCLCa current measured at ϩ43 mV, which is comparable with the inhibition observed for the endogenous antiporter. Vacuoles transfected with D753A displayed currents similar to the wild type (Fig. 5b) , with a current density of 71 Ϯ 10 pA/pF and a reversal potential of Ϫ44 Ϯ 3 mV. In contrast with the strong inhibition by ATP observed in vacuoles expressing the wild type AtCLCa, the addition of 5 mM Mg-ATP to cytosolic solution induced a negligible inhibition of the current of 9 Ϯ 7% (n ϭ 4) in vacuoles expressing the D753A mutant of AtCLCa. In the absence of ATP, mutant H620A also showed currents similar to those of wild type-transfected pro- toplasts (Fig. 5c ) (current density of 84 Ϯ 20 pA/pF and a reversal potential of Ϫ47 Ϯ 1 mV), but the addition of 5 mM MgATP induced a current inhibition of 55 Ϯ 5% (n ϭ 3), which is close to the inhibition obtained in wild type-transformed vacuoles.
Estimation of the Free Energy of Binding in the Molecular Models-To provide a further support to the hypothesis of binding of nucleotides to the C terminus of AtCLCa, we evaluated the free energy of binding (⌬G binding ) of ATP in the molecular models using the semi-empirical lineal integration of energy method (24, 25) . The energy terms for the calculation were obtained from the time ensemble deduced from a molecular dynamics simulation. We used the parameters ␣ ϭ 0.476, ␤ ϭ 0.165 and ␥ ϭ 0, obtained by Jones-Hertzog and Jorgensen (26) , as those that better approach with the experimental data obtained for hClC5 (⌬G binding is about 5.5 for all three nucleotides). Other parameter sets yielded the same qualitative results (see the supplemental material).
We examined the variation of the binding free energy, ⌬⌬G binding , as a representative quantity that expresses the change of the affinity of a given nucleotide to the protein binding site. Although a relatively small change in ⌬G binding of about 4 kcal/ mol was seen when comparing the free energy of binding for AMP and ATP in AtClCa, a more pronounced change of Ϫ13.8 kcal/mol was observed when comparing ⌬G binding of ADP and ATP (see Table 1 ). This result is qualitatively consistent with the experiments of ATP displacement, where ADP does not efficiently remove the ATP inhibitory effect, whereas it is almost completely abolished by application of AMP (see above).
Estimation of the binding free energy in the AtCLCa model with mutation D753A yielded a severe reduction of the affinity, with a ⌬⌬G binding of Ϫ17.7 kcal/mol, in agreement with the lack of ATP effect in this mutant. Conversely, a more reduced ⌬⌬G binding of Ϫ5.8 kcal/mol was observed comparing the binding free energy of mutant H620A and the wild type models.
DISCUSSION
The interaction between channels or antiporters of the CLC family and ATP is still a matter of debate, and the physiological role of this interaction is not understood yet (8) . The binding site for nucleotides in hCLC-5 has been hypothesized to be located at the interface of the two CBS domains in the C-terminal region of the protein (10) . A similar CBS motif is present in the C terminus of the plant AtCLCa antiporter (Fig. 4) . AtCLCa offers the unique possibility of studying a CLC transporter in its native membrane, the tonoplast, with the advantage that the orientation of the tonoplast exposes the C terminus of AtCLCa to the cytosolic bath solution. This allows us to directly study the cytosolic side of a CLC protein in the whole-vacuole configuration by the patch clamp method.
In this work we found that the AtCLCa current was reversibly inhibited by micromolar concentrations of ATP added at the cytoplasmic side of the vacuolar membrane. Conversely, no current decrease was observed on clca-2 knock-out mutant vacuoles (Fig. 1) , thus suggesting that ATP exerts an inhibitory effect on the transport mediated by the AtCLCa protein. Functional determination of the apparent dissociation constant of ATP from AtCLCa yielded 49 M, which is on the same order of magnitude of the dissociation constant determined for the CBS domains of CLC-5 (i.e. 90 M), measured by equilibrium dialysis (15) . The voltage independence of the K d for ATP binding to AtCLCa demonstrates that the binding site is located outside the transmembrane electric field, presumably at the cytoplasmic water-membrane interface, where the C terminus region of the protein would be settled.
As these results indicate that the C terminus region of AtCLCa might be involved in the recognition and binding of ATP, we used the structure of the hCLC-5 C-terminal domain (15) as a template for modeling AtCLCa C terminus. Although the sequence homology of these two protein regions is not particularly high (19% identity and 45% similarity), they have a remarkable secondary structure superposition and the same organization of CBS domains. Indeed, the homology model obtained for AtCLCa conforms to all common structural criteria, including a Ramachandran plot comparable with the template (data not shown). In the AtCLCa model we could accommodate the ATP molecule in the same position as in the hCLC5 template, i.e. bound to the interface of the CBS domains, with the adenine moiety deeply inserted into the protein.
ATP is contacted by residues conserved in hCLC-5 and AtCLCa such as Asp-727/753 and non-conserved residues such as Tyr-617/His-620. Consequently, we attempted to perturb the putative binding site of ATP by introducing in positions 620 and 753 of AtCLCa, as suggested by our molecular model. The experimental results obtained upon expression of the mutated proteins in the null mutant background revealed that the effect of ATP was abolished by the D753A mutation, whereas it was unaffected by the H620A mutation.
In an attempt to validate our model of nucleotide binding to the C-terminal CBS motifs of AtCLCa, we estimated the free energy of binding for the wild type and the mutant models. We used a semi-empirical approach, linear interaction energy, that requires the parameterization of the proportionality factors, ␣, ␤, and ␥, using known structural and functional data of similar proteins and ligands (24 -26) . As the only available set of data deals with the ATP, ADP, and AMP binding to hCLC-5, with a null variation on the binding constant, we decided to use the set of parameters reported in the literature that better represent the known data. These parameters result in a ⌬G binding as similar as possible to the experimental data, with a minimal variation for the ⌬G binding between the three ligands. We are aware that such assumption will result on a low quantitative significance results. Indeed, on the basis of the previous considerations on the relatively small changes of energy binding between ATP and ADP, the model seems to describe the energy variation with an uncertainty that is in the order of 4 kcal/mol, i.e. definitely larger of the data error reported in Table 1 . Nevertheless, theoretical data are qualitatively consistent with experimental data, which indicate that the affinity of nucleotides for AtCLCa is ATP Ϸ AMP Ͼ ADP. On the other hand, the effects of AtCLCa mutations are such that ATP affinity sequence is wild type Ͼ H620A Ͼ D753A. Therefore, the agreement between experimental data and model predictions validates our molecular model describing the binding of ATP to AtCLCa. Taken together, these evidences support the idea that ATP inhibits AtCLCa-mediated currents through interaction with its C-terminal CBS motifs. The conservation of CBS domain in eukaryotic CLC suggests that some mechanisms are conserved in nucleotide binding. The finding that the D753A mutation abolishes ATP effects is in agreement with the results on the hCLC-5 mutant D727A (15) . It is interesting to notice that CBS domains, which mediate nucleotide binding to other proteins such as the ␥1 subunit of the AMPK kinase (17) , present an aspartate in an equivalent position. Instead, CBS of CLC channels, which do not bind nucleotides (such as hCLCKa and CLC-0), do not harbor an aspartate in an equivalent position (14, 32) . Conversely CLC-1, which has been suggested to be also modulated by intracellular ATP (9 -11), has a glutamate in the equivalent position. We could speculate that this difference as well as the dependence of the ATP effect on the oxido-reduction of the protein suggested for ClC-1 (13) may depend on a different interaction between the nucleotides and the protein. The presence of an aspartate in the CBS domain (Fig. 4b) was consistently found to be associated with nucleotide binding to CBS segments.
The other nucleotides, ADP and AMP, displayed only minor effects on AtCLCa current. Competition experiments showed that AMP, but not ADP, competes with ATP at the AtCLCa binding site. Our results on AtCLCa differ from experiments reported for hCLC-5 (15), which binds equally well AMP, ADP, and ATP. This difference in nucleotide selection between AtCLCa and hCLC-5 presumably depends on the differences in the residues that contact the phosphate groups of the nucleotides (supplemental Fig. 2 and 3 (15) ).
The addition of Mg-ATP to the bath solution in the absence of BafA 1 allowed visualizing the activity of the H ϩ -ATPase together with that of AtCLCa (Fig. 1) . Despite the fact that the H ϩ -ATPase currents across the vacuolar membrane were measured before (28, 33) , this is the first time that an intracellular CLC antiporter and a proton pump are shown working together in the same intracellular membrane. Therefore, both transport systems might be saturated at physiological ATP concentration (in the millimolar range). However, competition between AMP and ATP in AtCLCa suggests that the transport mediated by AtCLCa in vivo could be modulated by the ATP/ AMP ratio. This regulation might be correlated with nitrate metabolism in plants. Nitrate storage in the vacuole takes place during the night, when nitrate reductase is inactive. NO 3 Ϫ is then released from the vacuole during the day, when the requirement of nitrate by nitrate reductase is high (34) . The cytosolic ATP and AMP pools have been shown to regulate nitrate reductase activity and to vary together with the photosynthetic status of the cell (35) . Therefore, the competition between ATP and AMP at the AtCLCa binding site could be a physiologically relevant process; an increase of the AMP/ATP ratio could remove the inhibition of AtCLCa and consequently increase the nitrate flow into the vacuole when the photosynthetic activity decreases. However, even under physiological cytosolic nitrate concentrations we do not observe a complete inhibition of AtCLCa-mediated nitrate influx by ATP but, rather, a decrease in the in the order of 50% (Fig. 3) . This indicates that there is either always a basal activity of AtCLCa present or that other mechanisms may be required for its regulation in addition to nucleotide binding.
